Micro X-ray fluorescence ͑MXRF͒ offers the analyst a new approach to materials characterization. The range of applications is expanding rapidly. Single point analysis has been demonstrated for nanoliter volumes with detection limits at the 0.5 ng level. MXRF can be used as an element specific detector for capillary electrophoresis. Elemental imaging applications include analysis of sample corrosion and polymers, use as a combinatorial chemistry screening tool, and integration with molecular spectroscopic imaging methods to provide a more comprehensive characterization. Three-dimensional elemental imaging is a reality with the development of a confocal X-ray fluorescence microscope. Stereoview elemental X-ray imaging can provide unique views of materials that flat two-dimensional images cannot achieve. Spectral imaging offers chemical imaging capability, moving MXRF into a higher level of information content. The future is bright for MXRF as a materials characterization tool. © 2004 International Centre for Diffraction Data.
I. INTRODUCTION
Micro X-ray fluorescence ͑MXRF͒ is a powerful method for materials characterization. The ability to glean spatially resolved elemental information on a wide array of materials is the hallmark of MXRF. In many cases the qualitative information generated by elemental images is more than sufficient to solve materials problems. The speed, versatility, and impact of an elemental distribution image offer new insights into material properties at the mesoscale that are unique to MXRF. The lack of sample preparation and near universal ability to obtain an elemental signal enables MXRF to be a screening tool to highlight areas of interest for additional high resolution probing by molecular microspectroscopic methods such as micro-Raman and micro-IR.
Laboratory based MXRF affords the analyst the ability to do spatially resolved single point spectra, line scans, and elemental imaging covering a wide range of elemental concentrations. Single point spectra are useful in comparing the elemental compositions of two different areas of a material. The line scan is optimal for concentration gradients within heterogeneous materials. However, both the single point spectrum and the line scan represent only a small portion of the larger material. The elemental map or image visually provides a more comprehensive elemental description of a material. Figure 1 shows examples of all three types of analyses for a sample of a thin cross section of bone. Figure  1͑a͒ is a white light picture of the analysis area of the bone cross section. Figure 1͑b͒ shows point spectra taken from three different locations on the bone cross section. These points are labeled in Figure 1͑a͒ with dashed circle markers. Notice how the Ca and P intensities change in different regions of the sample. Ca and P, which are major elemental components of bone, are very high in intensity for spot 2, while the intensities are much less for the circular region of spot 1 and the void region defined by spot 3. Notice that the spectrum for spot 3 contains a small Ni peak that is characteristic of the mounting material for the bone sample. Figure  1͑c͒ is a graph of Ca and P intensity as a function of distance for a line scan across the bone specimen. The location of the line scan is pictured as the black line in Figure 1͑a͒ . As expected, Ca and P intensities are high in regions of bone and low in regions just containing sample mounting material. Figure 1͑d͒ is a Ca MXRF elemental map of the bone sample. This map shows how the Ca concentration varies within the bone cross section; white representing a high Ca intensity and black a low Ca intensity. The two small circular regions in the white light image are clearly shown as regions of low Ca intensity in the MXRF map.
Whether the area scanned is tens of micrometers or hundreds of millimeters, the impact of an elemental image transmits a very large amount of elemental information in a very compact and effective manner. In addition, the ability to generate dramatic elemental images on a laboratory based instrument provides unique analytical capabilities never before realized at the bench top with such simple instrumentation. MXRF bridges the gap between high resolution micrometer scale elemental imaging produced by microprobe instruments and the bulk elemental compositional numbers generated by bulk XRF and ICPMS.
There have been a number of publications over the years which explain MXRF and highlight applications. Most of these historical aspects are captured in a special edition of X-ray Spectrometry edited by Carpenter ͑1997͒ and a recent book by Janssens et al. ͑2000͒ . This work will not rehash the historical developments, but rather focus on the more recent developments and applications of laboratory based MXRF instrumentation. Although there has been a significant amount of work done with synchrotron excitation ͑SRXRF or SXRF͒, these instruments are not practical for solving the daily problems in the analytical laboratory. This paper will focus on the use of laboratory based instrumentation in solving materials characterization problems. In many of the applications to follow, the power of MXRF in elucidating compositional information using elemental imaging will be highlighted. A brief review of the ways in which spatially restricted X-ray beams are generated is provided. In addition, there will be a short discussion of the commercial instrumentation available to implement the capabilities of MXRF for materials characterization.
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II. OPTICS AND INSTRUMENTS
There are three methods to obtain a spatially resolved X-ray beam. The simplest is an aperture; basically a metal foil with a hole drilled through it. This approach works adequately to restrict the size of the X-ray beam that interacts with the sample, however much of the X-ray flux from the X-ray tube is lost. Only the X-rays that are on axis with the hole are emitted from the aperture. The loss of X-ray intensity results in a low incident flux on the specimen compared with the total intensity of the beam emitted from the X-ray tube. The low flux affects sensitivity, however very useful point spectra and elemental images can be obtained with aperture based instruments.
Glass monocapillaries are essentially elongated apertures. However, the advantage of using a glass monocapillary is it can provide an increase in incident X-ray flux on the specimen from a factor of 10 to 50 depending on the design of the glass capillary due to the phenomenon of total external reflection which allows for propagation of the X-rays down the glass capillary channel resulting in focused X-rays from the source onto the surface of the sample. The focal spot sizes achieved with monocapillaries, ͑on the order of tens of micrometers in diameter͒ are much smaller than can be achieved with simple apertures ͑hundreds of micrometers in diameter͒. Optimal coupling of the capillary to the X-ray tube and a parabolic shape of the capillary tube allows increased transmission of X-rays to the specimen. The increase in X-ray intensity enhances elemental sensitivity. The monocapillaries in general must be close to the specimen due to their inherently short focal lengths especially with smaller spot sizes.
Monolithic polycapillary optics are basically a bundle of glass monocapillaries. The bundle is formed into a specific shape to literally focus X-rays to a focal spot some working distance from the end of the optic. The advantage of this design is the focal spot, where the X-ray intensity can increase from a factor of 100 to 1000. This is a significant increase in X-ray flux on the specimen. Such an intensity increase translates into significantly greater elemental sensitivity enabling impressive imaging and trace analytical capabilities. Furthermore, polycapillaries allow for much larger working distances to be achieved than with simple monocapillary, allowing for the X-ray analysis of more topographically complicated samples.
Several MXRF instruments have appeared on the market over the last few years including EDAX, Horiba, Shimadzu, and ThermoNoran. The differences in features for each of the instruments offer a wide array of capabilities. X-ray spot sizes in these instruments range from 10 m to over 100 m using either monocapillary or polycapillary optics. Apertures are used for larger spot sizes up to 3 mm. The Horiba and Shimadzu instruments offer X-ray transmission imaging. X-ray transmission offers unique interior views of the sample. In some instances the transmission image can be used in overlay mode with the elemental images. All instruments have the basic point, line scan, and elemental mapping capabilities. The sophistication of the data visualization is important. Color display ranges and color schemes are criti- Figure 1 . MXRF analysis of a thin cross section of bone; ͑a͒ white light image with point spectra locations labeled with black dashed circles and line scan labeled in black; ͑b͒ point spectra of three different locations; ͑c͒ line scan of Ca and P intensities as a function of distance across sample; ͑d͒ elemental Ca map, white represents high Ca intensity and black low Ca intensity.
cal to visualizing sample details not immediately visible. In fact elemental imaging is a dilemma; on the one hand this approach to materials characterization offers new insights into material composition and properties, however elemental imaging generates large amounts of data. This is a significant issue and needs to be seriously considered when getting into this technology. Figure 2 shows a schematic of a typical MXRF experimental arrangement. The X-ray tube has an X-ray optic to spatially condition the X-ray beam. The beam is directed onto a specimen which is on an x,y,z translation stage. A variety of detectors can be used from liquid nitrogen cooled SiLi detectors to the latest in silicon drift detectors.
III. RESULTS A. Nanoliter dried spot
This application is not imaging based, however it highlights the capability of trace analysis using spatially resolved MXRF. The dried spot methodology was first published over 10 years ago by Meltzer and King ͑1991͒. Since that time a number of publications have demonstrated the utility of this method for trace analysis of aqueous solutions as described in Colletti and Havrilla ͑1997͒. This approach is unique since it offers ng/mL detection limits which are not usually achieved by XRF. The advantage of concentrating the spot on a thin film support both increases the elemental signal and decreases the background. Both effects combine to drop the detection limits into the parts-per-billion level. The major drawback to this method has been the conventional use of microliter volumes of sample for dried spot preparation, which adversely affects the reproducibility of the drying process forming the dried spots. Although a myriad of methods were attempted to solve this problem, none were sufficiently robust to propel this approach into a routine method of analysis ͑see Link et al., 2002͒ . Recent work by have demonstrated the use of nanoliter droplets for the dried spot methodology instead of the typical microliter drops. The primary advantage of the nanoliter volume approach is the rapid drying of the nanoliter droplets.
The nanoliter droplet volume offers both reproducibility of the dried residue formation as well as rapid sample preparation. The 10 nl droplet volume dries in less than 50 s. Detection limits for a 10 nl drop were around 0.5 ng in dried residue spots of around 30 m in diameter. Previous efforts at droplet drying could not reduce drying times below 15 min without compromising the integrity of the dried residue. The nanoliter droplet volume has also been demonstrated for TXRF analysis of VPD droplets used in semiconductor analyses ͑see . Further developments involving inkjet deposition and automation have the potential to give the nanoliter volume approach the level of reproducibility necessary to make it a routine analytical method for trace level elements.
B. Capillary electrophoresis detection
Capillary electrophoresis detection uses the point spectrum mode of MXRF in a unique way. In this case, elemental intensities are collected as a function of time.
Elements exist in a variety of oxidation states and their molecular form often determines whether the element is benign or toxic to plants, wildlife, and humans. Capillary electrophoresis ͑CE͒ is a method used to separate components of a complex mixture in a simple, thin silica capillary column based on their electrophoretic properties as they flow through the column when an electrical potential is applied to it. This means that two different oxidation states or two different molecular forms of an element can be separated using CE and then detected and quantified by an elementally sensitive detector. Although a number of different elemental detection methods have been used, XRF has only been demonstrated once by Mann et al. ͑2000͒ using synchrotron X-ray facilities. A home-built CE system was constructed and placed within a commercial MXRF instrument as demonstrated by Miller et al. ͑2003a͒ . Figure 3 shows a representative electropherogram of the separation of a mixture of cobalt species in aqueous solution. The electropherogram shows the separation of a complexed cobalt ͑in cyanocobalamin͒ and free ͑aqueous͒ cobalt ͑II͒ species. This separation demonstrates the ability of MXRF to detect elements directly through the silica column with a wall thickness of 33.5 m with sufficient sensitivity. The detection limit for cobalt of around 3.6ϫ10 Ϫ4 M was comparable to those attained by Mann et al. ͑2000͒ even though the synchrotron work had an order of magnitude greater X-ray flux. One of the key advantages to using MXRF as an elemental detector for CE includes its nondestructive nature. After CEMXRF characterization, the sample can be collected and characterized by another technique such as mass spectrometry.
C. Corrosion
Waste drums containing a wide array of materials had drum vent filters which were showing signs of significant rust on the exterior. When tested, the drum vent filters showed either no flow or flow well below the specification level of 100 ml/min. Several of these filters were removed from the waste drums and submitted for characterization to determine the cause of the corrosion and the subsequent clogging of the filters. The clogging of the vent filter raised some safety issues since the plugged filters would not allow the escape of potentially combustible gases from the waste drums. Figure 4 shows elemental images of the cross section of a representative corroded drum vent filter. It is obvious from the elemental images that the culprit is a chlorine based compound. Chlorine is present throughout the carbon carbon composite filter element. Upon closer inspection, chlorine is also present on the outside of the silicon based elastomer used to seal the carbon filter into the stainless steel body. This means the chlorine somehow penetrated the silicone elastomer to the interior wall of the steel housing. There is also chlorine on the underside of the lid, indicating the presence of an iron chloride corrosion product. This is confirmed by the presence of iron at the inlet of the filter, seen as the large clump of iron at the bottom of the filter and a corresponding layer of iron on the top of the filter. Investigation into the drum contents showed high concentrations of chlorinated solvents. This work ultimately led to the replacement of these basic stainless steel filters with chlorine corrosion resistant filter housings.
The results of a research effort into the corrosive effects of gallium vapor at 1200°C on stainless steel are shown in Figure 5͑a͒ . The data were acquired using a 100 m aperture. When compared with the data in Figure 5͑b͒ , which was acquired with a monolithic polycapillary with a nominal 50 m spot size, the advantage of the higher X-ray flux and subsequent increase in elemental sensitivity is clear. In Figure 5͑a͒ , the stainless steel coupon was exposed to the gallium vapor for only 24 h. In the cross section elemental images, the gallium has formed a layer on the exterior of the steel. Interestingly, manganese appears to have diffused out of a diffusion layer of the gallium intrusion. In the case of the aperture, there does not appear to be any silicon signal even though silicon has a concentration of around 1% by weight. However in Figure 5͑b͒ , which is the same sample acquired with a monolithic polycapillary, there is a pronounced overall increase in elemental intensity. This is seen in all of the elements, including iron. Evidently there are some heterogeneous regions in the elemental distributions as seen by low intensity spots in the iron image and higher intensity elemental spots in Mn and Cr ͑not shown͒. More dramatic is the silicon image. Here the silicon appears to have diffused to the exterior of the coupon just like the Mn. At high magnification, the Mn is actually on top of the Ga layer. Thus the gallium has diffused into the stainless steel surface and the Mn and Si have diffused outward forming a concentrated layer on the exterior of the coupon, on top of the gallium. Figure 5͑c͒ shows the stainless steel coupon after 17 days exposure to gallium vapor. The gallium has penetrated to the core of the coupon and literally corroded away portions of the stainless steel. Clear diffusion and segregation of Mn and Si are apparent on the surface.
D. Polymer foams
Accelerated aging has been used in an effort to understand the aging of polydimethylsiloxane ͑PDMS͒ polymeric materials. Over time the PDMS mechanical properties degrade to the point where the foam no longer offers the specified cushioning support. Besides the normal aspects of aging, one of the chemical concerns is the residual tin octonoate catalyst which is used for polymerization and formation of the foam. Figure 6 shows the elemental images of a cross Figure 4 . Elemental images of a corroded drum vent filter cross section. The images from left to right are of Cl, Si, and Fe, respectively. The chlorine is the corrosive agent which has impregnated the carbon filter and has created corrosion product both on the interior of the housing and the exterior as well. The silicon is from the silicone elastomer used to seal the carbon filter element into the stainless steel housing. The iron on the carbon filter element is the corrosion product, iron chloride. Figure 5 . Elemental images of 316 stainless steel coupon exposed to gallium vapor at 1200°C for ͑a͒ 24 h acquired using a 100 m aperture, ͑b͒ same sample acquired with a 50 m polycapillary, and ͑c͒ 17 day exposure. Coupons are nominally 3 mm thick.
section of the 4-mm-thick PDMS foam. In the virgin material, just after production, the tin appears to be distributed throughout the material. The corresponding silicon image offers insights into the size and distribution of the bubbles within the PDMS framework. After aging at 50°C for 1 month, the tin has migrated to the top surface of the foam and concentrated along a nominally 75-m-thick layer. This layer is so thick that it actually masks the Si signal and forms a tin rich layer on the top surface. These images show the residual tin catalyst is not stationary within the PDMS foam. The apparent large concentration of tin at the surface could induce unwanted chemical reactions which may contribute to the aging of the material. In addition, since the tin species appears to be mobile this leads to other issues besides the aging of the PDMS material. Issues such as materials compatibility and potential migration of tin out of the polymer are also of concern. The elemental imaging provides not just compositional information but structural and topological information based on the major silicon component. Shape recognition software could be applied to the silicon image to determine the bubble shape and distribution, which may be important factors in basic foam formation.
E. Pharmaceuticals
XRF is not normally associated with pharmaceutical characterization. However, a cursory glance of any of the over-the-counter medication contents offered for sale in a pharmacy quickly leads one to realize elemental analysis must be a key factor in pharmaceutical production. Figure 7 shows the spectrum from a commercially available vitamin B-12 preparation. The major components are calcium and phosphorus from the calcium phosphate matrix and the cobalt from the active ingredient vitamin B-12, also known as cyanocobalamin. It is important to have the right particle size and distribution of ingredients in pills so that the nutritional supplements can be readily available for bodily absorption and biological processing. Nondestructive elemental images of the pill composition show some interesting features. In Figure 8 , the calcium and phosphorus appear to correlate throughout the pill cross section covering a several millimeter square area. This Ca/P correlation is most likely due to the fact that most of the tablet matrix is made up of the compound calcium phosphate. This image shows the particle size and distribution of the pill matrix. The cobalt distribution shows the active ingredient distribution. The apparent even distribution and fine particle size of the cyanocobalamin is clearly illustrated in the image. However there is a large particle on the right-hand side of the image. It is not know whether this particle size is within the supplement specifications, yet when compared with the rest of the imaged area, it is significantly larger than the rest of the field. The calcium/phosphorus images overlay the cobalt image and fill the regions among the cobalt particles. This same approach can be applied to any pharmaceutical to provide both quality control on the elemental composition and more importantly its distribution within the pill. Again, with the appropriate software, the particle size and particle size distribution can be obtained from these elemental images.
F. High throughput screening
In combinatorial chemistry, a library of compounds is tested for lead hits which hopefully will generate a compound with the desired properties. This process has been successfully used by the pharmaceutical industry for lead development of drugs and is also the mechanism by which the immune system screens antibodies to find those that can successfully rid the body of harmful bacteria and viruses. This approach provides rapid screening of hundreds and thousands of compounds daily. Unfortunately the primary bottleneck is the screening process, since the preparation of the library is usually very efficient and generates large numbers of samples for screening. Miller et al. ͑2003b͒ have used MXRF to screen polypeptide combinatorial libraries for specific binding events. In this application the polypeptides are bound to 100 m polystyrene beads. This allows the library of polypeptides to be easily isolated from reaction solutions. The reacted beads are distributed onto a glass slide ͑Tacky Dot™ slide͒ with adhesive dots which spatially isolates and holds the polystyrene beads as shown in the cartoon in Figure 9͑a͒ . The plate is then scanned with the X-ray beam to generate an elemental map of the beads shown in Figure  9͑b͒ . In this case, the polypeptide library beads were reacted with an aqueous solution of Sr at pH 9.0 prior to Tacky Dot™ slide immobilization to determine which peptide sequences have the potential for Sr binding. The MXRF elemental map shows beads which bound Sr at pH 9. The intensity of the hits varies with the amount of Sr bound by the polypeptides. The objective is to remove the Sr binding beads and have the peptides sequenced. Once the peptide sequence is known, the binding experiment is repeated to confirm the initial screen. If the confirmation experiment is successful then the sequence can be used to refine the library and improve the selectivity of the binding event. Comparison of the relative Sr intensities, which in this case range from around 160 to over 500 counts/s on an individual bead, will generate peptide sequence information that either improves Sr binding or decreases it. The ultimate goal is to find a peptide sequence with high elemental specificity. This can be achieved by using the information from the first successful sequence and basing a new library on that sequence. The advantages of using MXRF for combinatorial screening include: ͑a͒ nondestructive so the peptides can be sequenced and other analytical techniques used to characterize the binding event, ͑b͒ no visualization tags are required so the binding is not compromised by other molecules bound to the peptide or Sr target.
G. Integrated spectroscopic imaging
Elemental images are powerful qualitative ways to convey compositional information. However, the elemental distribution is only part of the answer. Ideally one would like to know the molecular nature of the elemental distribution. Thus integrating the elemental images with molecular spectroscopic images such as infrared or Raman, provides a more comprehensive characterization of the material. Schoonover et al. ͑1998͒ demonstrated the feasibility of using MXRF in conjunction with IR and Raman molecular imaging. Figure  10 shows an elemental map of a pharmaceutical containing calcium. The IR image next to the elemental image is the 1112 cm Ϫ1 image of a slightly larger area. The 1112 cm Ϫ1 IR feature is characteristic of calcium phosphate. Combining the information from the elemental and IR images gives us a chemical distribution of calcium as calcium phosphate. The chemical information is more comprehensive than just the elemental information alone.
H. Confocal X-ray fluorescence
One of the more recent advances of micro X-ray fluorescence is the development of confocal X-ray fluorescence. In this approach, a second monolithic polycapillary optic is placed in front of the detector ͑in addition to the first polycapillary optic used in conjunction with the X-ray source͒. This effectively provides a second focal spot for X-ray collection from the irradiated area by the source. By overlapping the two focal spots, a confocal volume is created. Confocal MXRF was demonstrated by Ding et al. ͑2000͒ . This confocal volume can be translated into a material to produce an elemental depth profile, or scanned in the x and y directions at different depths in the sample to generate a threedimensional ͑3D͒ elemental distribution. Figure 11 shows the confocal arrangement along with a picture of the actual instrumental setup. Figure 12 shows a series of x,y scans of iron oxide particles in a boron nitride pellet at 50 m depth increments into the pellet. These x,y scans can be integrated to produce a 3D image of the iron distribution with a volume of 450ϫ450ϫ700 m. The truly unique aspect of the confocal MXRF is the ability to do elemental distributions within a material, nondestructively. This unique approach provides a new capability for elemental analysis and elemental imaging of material composition.
I. Stereoview elemental X-ray imaging
The ability to generate an elemental stereoview image of a material offers unprecedented perspective and hidden Figure 9 . MXRF high-throughput screening of combinatorial libraries. ͑a͒ Cartoon of Tacky Dot™ slide showing adhesive dots and polystyrene beads simulating potential hits. ͑b͒ Actual Sr elemental image of a portion of a plate scanned for polypeptide sequences that specifically bind Sr at pH 9. Figure 10 . Elemental image of calcium distribution in a pharmaceutical tablet. Corresponding IR image of a slightly larger area at 1112 cm Ϫ1 which is characteristic for calcium phosphate. These images demonstrate the integration of elemental and molecular imaging for a more comprehensive characterization of the material. structures not visible with conventional flat elemental X-ray imaging. In this approach, two elemental X-ray area maps are acquired at two different angles for a given specimen, equivalent to the two viewing field angles of a person's eyes. The two images are colored, one red and one blue, and then integrated into an anaglyph. Using the blue-red special stereoview glasses a single 3D image is generated of the sample's elemental composition. This provides a structurally rendered view of the material. Both latent and physical images are visible. Havrilla et al. ͑2003͒ demonstrated this approach on a Burgess shale fossil. The advantage of imaging a fossil in this manner provides a view of both the internal and external structure of the original specimen even though the animal is physically absent. This shows the fossil contains elemental signatures that are based on the tissue density of the original animal. This can be extended to other physical features not readily visible to the eye or conventional twodimensional flat elemental images, such as cracks, dislocations, pits and pinholes.
J. Spectral imaging
One of the major drawbacks of the single elemental imaging approach is the inability to discern elemental correlations visually. Simple systems with only two elements are possible, however it is not at all clear that every chemical state can be correlated by eye. An approach developed by Kotula et al. ͑2003͒ of Sandia National Laboratory, offers automatic compositional phase determination. This approach is based on collecting complete X-ray spectra at each pixel in the scanned area. This generates a datacube of spectra over an x,y surface. The software automatically sifts the spectral datacube searching for elemental correlations between pixels, comparing elements detected, relative intensities and generating ''pure'' spectral compositional components and the corresponding compositional images. The beauty of this approach is the efficiency of the software can tackle huge data sets from tens of megabytes to tens of gigabytes in a matter of minutes, greatly simplifying the interpretation of data and thereby eliminating any bias on the part of the analyst. An example of this is shown in Figure 13 . This is a vitamin B12 tablet with a calcium phosphate matrix. The automated software identifies a calcium and phosphorus component, but it also picks out a lone calcium component. The other calcium based component is likely an oxide or carbonate as there are no other elements detected. This example shows the real advantage of using spectral imaging, as it is unlikely that the second calcium component could have been easily detected by eye apart from the larger calcium phosphate component. Figure 12 . Series of x,y elemental maps of iron at 50 m increments from above the sample, into a boron nitride pellet with iron particles pressed into the surface. The x,y profiles cover an area 450ϫ450ϫ700 m with a 100 m confocal volume.
IV. SUMMARY
MXRF offers unique analytical capabilities in characterizing materials. The lack of sample preparation, rapid analysis, and imaging capabilities makes MXRF a versatile tool for elemental compositional analysis at the mesoscale level. Continued development of new X-ray sources, detectors, and spectral imaging software will open yet more opportunities and challenges for MXRF. In general it is just beginning to be realized how powerful spectroscopic imaging can be. It is apparent this is only the beginning in a long run of research, development, and applications for MXRF.
